For most Cassini passes through the inner magnetosphere of Saturn, the hot-electron 22 population (> few hundred eV) largely disappears inside of some cut-off L-shell. Anode-23
and-actuation-angle averages of hot-electron fluxes observed by the Cassini Electron 24
Spectrometer (ELS) are binned into 0.1-R s bins in dipole L to explore the properties of 25 this cutoff distance. The cut-off L-shell is quite variable from pass to pass (on time scales 26 as short as 10-20 h). At energies of 5797 eV, 2054 eV, and 728 eV, 90% of the inner 27 boundary values lie between L~4.7 and 8.4, with a median near L=6.2, consistent with 28 the range of L values over which discrete interchange injections have been observed, thus 29 strengthening the case that the interchange process is responsible for delivering the bulk 30 of the hot electrons seen in the inner magnetosphere. The occurrence distribution of the 31 inner boundary is more sharply peaked on the night side than at other local times. There 32 is no apparent dependence of the depth of penetration on large-scale solar wind 33
properties. It appears likely that internal processes (magnetic stress on mass-loaded flux 34 tubes) are dominating the injection of hot electrons into the inner magnetosphere. 35
Introduction 42
The plasma content of the inner magnetosphere of Saturn (inside of L~10, where 43 L is the equatorial crossing point in R s of a dipole magnetic field line) is a combination of 44 cool, dense plasma that originated in water gas and ice emitted by the moon Enceladus, 45 extremely high-energy radiation belt particles, and a suprathermal population that exists 46 in the energy range between the dense plasma and the high-energy particles. The 47 suprathermal population, which is presumably the source for the radiation belts, appears 48 to originate in the outer magnetosphere, perhaps by processes associated with magnetic 49 reconnection in the magnetotail. The electron portion of this population shows evidence 50 of roughly adiabatic transport from beyond L~11 inward [Rymer et al., 2008] . 51
The most well-established transport mechanism in this radial range is the 52 centrifugally-driven interchange instability, which has been identified as an important 53 process moving cold, inner-magnetosphere plasma outward and hot, outer-magnetosphere 54 material inward to replace it. Numerous studies have examined the properties of discrete 55 flux tubes or flow channels identified as the inflow elements of the interchange 56 instability. In particular, the radial distribution of the occurrence of discrete interchange 57 signatures indicates the depth in the magnetosphere to which interchange can deliver hot 58 plasma [e.g., Hill also marked below the time axis). In addition to those, there is a general suprathermal 76 continuum, with temporal structure on the same scale as the identifiable injections. 77
In Figure 1a there is also a fairly sharp cutoff in the suprathermal population after 78 ~0800 UT (L~7). This sharp drop in the intensity of the hot electrons has been noted 79 previously [e.g., Rymer et al., 2007; Schippers et al., 2008] . Rymer et al. [2007] 80 attributed it to enhanced losses (energy loss in collisions with neutrals and/or pitch-angle 81 scattering into the atmospheric loss cone) at lower L values. However, they also 82 mentioned that the inner edge of the hot electron population may be due to transport 83 effects; they suggested that the observed energy dependence of this hot-electron cutoff 84
From data files available from the Planetary Data System, we follow the 132 prescription in Section 9.3.4 of the CAPS_PDS_USER_GUIDE [Wilson et al., 2012] to 133 convert raw ELS counts C lmn for each energy (l), azimuth (m), and polar angle (n) in a 134
given A-cycle to number flux j lmn using the expression 135
where C lmn are the counts in a particular channel; S n is a scale factor that depends on the 137 anode and the microchannel-plate high voltage level; G ln is the geometric factor 138 (including the efficiency), which depends on the anode and the energy level; E l is the 139 energy; and τ is the accumulation time for a single measurement (0.0234375 s). The 140 values of the various parameters in Equation 1 can be found in the 141
CAPS_PDS_USER_GUIDE. 142
As mentioned above, the individual fluxes (Eq. 1) are then averaged over all 143 anodes and all azimuths in an A-cycle to produce an A-cycle averaged flux spectrum 144 which is then merged with ephemeris data and further averaged into L bins of width 145 ΔL=0.1. A set of L bins between L=4 and L=12 is accumulated for each half-orbit 146 For each half-orbit in this basic data set, we identify the innermost extent of the 151 hot-electron population by setting a simple threshold condition for the flux at each energy 152 level. We focus on energy levels 12, 18, and 24 (corresponding to electron energies of 153 suprathermal population and typically show clear flux enhancements when that 155 population is present (c.f., Figure 1 ). Starting at a low L bin (described in the next 156 paragraph) and working outward, we identify the first bin where the flux exceeds the 157 threshold for that energy level. 158
To avoid false identifications of the inner hot-electron boundary caused by 159 penetrating radiation, the region of significant background contamination must first be 160 identified before the search for the inner edge of the hot electrons can be conducted. 161
Thus, the first step in the search is to find the outermost L shell where the penetrating 162 radiation has significant levels. To do this, we use the highest-energy ELS channel, 163 which typically has very few ambient electrons deep in the magnetosphere (c.f., Figure 1 ) 164 and for which the count rate is thus dominated by penetrating particles. Starting at the 165 lowest L bin and working outward, we identify the first bin where the "flux" in this 166 channel falls below a specified value. By trial and error, we find that an apparent flux of 167 100 cm -2 s -1 sr -1 eV -1 provides a good determination of where the penetrating background 168 becomes low enough to allow the suprathermal electrons to be seen, but the results from 169 using 50 or 150 are essentially the same. The search for the inner edge of the hot 170 electrons then begins from that L value and works its way outward. 171 Figure 2 shows the outer boundary of the penetrating radiation determined 172 according to the foregoing procedure. The figure shows the color-coded apparent flux in 173 energy channel 1, which at low L is actually dominated by the penetrating radiation (red 174 colors). The blue line at low L is the location where this "flux" falls below the threshold 175 of 100. It is apparent from Figure 2 that the intensity and extent of the penetrating 176 background in ELS does vary with time, usually rather slowly but occasionally fairlysharply over just an orbit or so. In an analysis of the outer boundary of the >1 MeV 178 electron radiation belt, Roussos et al. [2014] found similar and even greater variability. 179
In the results and discussion sections below, the boundary identified by Roussos et al. 180 will be compared with the ELS penetrating boundary determined here. 181
As mentioned above, the inner edge of the hot plasma population is identified 182 using a simple threshold flux value for each energy channel. Because we are using 0.1 R s 183 bins for the identification, the process discriminates against isolated injections that are 184 occasionally seen inward of the main hot population. Further, the location of the 185 identified edge is weakly dependent on the threshold flux that is used. Varying the 186 threshold provides a way of estimating the uncertainty in the determination. Figure 3  187 shows the results of applying three different thresholds to each of the three energy 188 channels 24, 18, and 12 (5797 eV, 2054 eV, and 728 eV, respectively). Table 1 . values. However, for most of the points the determination is well localized. The 206 variability in the determination over these 50 orbits is substantially greater than the 207 typical uncertainty in the measurements. For the full data set, the median differences 208 between the edge determined with the medium threshold and those determined by either 209 the high or low thresholds are <0.2 R s for all three energy levels, and the average 210 difference is <0.5 R s . 211 Figure 3b also indicates that the edges determined on the basis of the three 212 different energy channels typically agree quite well with each other, especially when the 213 uncertainty in the determinations is low. This is partly due to the fact that we have 214 chosen the three thresholds for each channel such that over the entire data set the median 215 edge values for the low, medium, and high thresholds are statistically the same for the 216 three energy levels. But the point-to-point tracking of the three channels seen in Figure  217 3b shows that within this constraint, the determinations using those three channels do 218 agree quite well. 219
The horizontal bars in the two panels of Figure 1 show the ranges of the edges 220 that were determined for these specific passes, based on the thresholds in Table 1, each set correspond to the low, medium, and high threshold values listed in Table 1 . 228
Most of the half-orbits for which an edge was not determined corresponded to times 229 when CAPS was off or not taking data inside of L=5.6. A few edges were not identified 230 because the thresholds were too high (as shown by the fact that successively higher 231 thresholds result in successively fewer determinations). between them is that the outer boundary found by Roussos et al. is typically ~2 R s further 238 from Saturn than is the point where the ELS penetrating background falls below the 239 threshold we have stipulated. This is presumably just due to a different flux threshold 240 being adopted in the two studies; the MIMI instrument used by Roussos et al. is designed 241 to measure energetic particles and is thus more sensitive to them than is ELS. 242 While one could argue that some intervals in Figure 5 show similar trends in the 250 two derived outer boundaries, a detailed correspondence is far from obvious. Both show 251 evidence of variability from orbit to orbit, and the variability is generally greater in the >1 252
MeV electron boundary than in the ELS background (see also Figure 4 ). Nevertheless, 253
we find a weak correlation (R=0.315) between the two boundary determinations, which 254 for the 230 points in our analysis has a probability of only 10 -6 of being random. We 255 return to this comparison in the discussion below. 256
In Figure 6 we turn to our primary objective, the inner edge of the hot-electron 257 population. That figure shows the inner edge determined using the medium thresholds 258 (Table 1) for all three energy channels (12, 18, 24), as described above, for the entire data 259 set. Figure 7 shows the statistics of the boundary determinations for all three thresholds, 260 for all three energy levels. From both Figures 6 and 7 it is apparent that there is large 261 variability in the depth of penetration of the hot electrons. At the medium thresholds, 262 ~90% of the inner boundaries of hot-electron penetration lie between L~4.7 and 8.4, with 263 a median near 6.2. 264 Figure 6 shows that the variability is rapid, from orbit to orbit and even from 265 inbound to outbound on the same orbit. In Figure 9 , the variability in the depth of penetration of hot electrons emphasized 295 above is clearly visible. There are major differences from orbit to orbit and from inbound 296 to outbound, which are separated by only ~10-20 hours. Moreover, there does appear to 297 be a day/night difference in the appearance of the hot-electron population, with the 298 nightside population often more robust than the dayside one. Indeed, there are a few 299 passes (e.g., 13-14 Aug) where the dayside hot electrons seem almost entirely absent. 300 and 24), determined using the medium flux thresholds in Table 1 , with the error bars 341 giving the range that results from using the low and high thresholds. 342
The first three periapsis passes in Figure 12 occurred during the declining phase 343 of solar wind speed enhancements, in regions of low dynamic pressure. The fourth 344 periapsis pass occurred during a period when the dynamic pressure was almost two 345 orders of magnitude higher than in the earlier low-dynamic-pressure intervals. The fifth 346 periapsis pass occurred during a transition from low to high dynamic pressure. In spite of 347 the large difference in ambient dynamic pressure during these periapsis passes, there is no 348 clearly discernible difference in the penetration distance of the hot electrons. The inner 349 boundary during the high dynamic-pressure interval is not particularly higher or lower 350 than in the previous low dynamic-pressure intervals. 351
In Figure 13 , the relationship between the penetration distance for Channel 18 352 
ELS penetrating background is produced by a combination of energetic electrons (>1 372

MeV) and trapped protons (probably >several 10s of MeV). Studies of data from the 373
Cassini MIMI instrument have shown that the proton radiation belt is rather stable, 374 whereas the electron belt is more variable [Roussos et al., 2011 [Roussos et al., , 2014 , and references 375 therein]. The proton belt extends out to L~5 and may thus be dominating the penetrating 376 background in ELS much of the time, with radiation-belt electrons contributing the small 377 element of variability to the background. The relative contribution of energetic protons 378 and energetic electrons to the ELS background is beyond the scope of the present study, 379 and the important fact for our current purposes is that the background does not prevent us 380 from identifying the inner edge of the hot-electron penetration.
In identifying the inner boundary of the hot electrons, we have used a simple 382 fixed threshold for each energy channel. We have made no attempt to correct the fluxes 383 for the latitude of the spacecraft at each measurement point as was done by Roussos et al. 2014], so a universal correction factor is not applicable and might even be counter-388 productive in times of non-pancake distributions. Rymer et al. [2007] argued that the 389 observed pitch-angle distributions in the CAPS energy range suggested efficient pitch-390 angle scattering. At higher E (>20 keV) Clark found ~80% pancake, but still rather flat. 391
Therefore, we expect a rather weak latitude dependence of the fluxes, and for simplicity 392
we have adopted a single threshold. In practice, for some high-latitude passes we do see 393 lower fluxes, which in some cases never exceed our threshold, so no cutoff L is found. hypothesized that this is due either to precipitation losses in the inner region (strong pitch 400 angle scattering is faster for higher-energy particles) or to the tendency for more-401 energetic particles to gradient-drift out of an injection channel before it reaches its 402 innermost extent [see also Paranicas et al., 2016] . At the ELS energies we have studied, 403 this energy dependence is likely to be quite weak and in fact is not apparent in our results.
In general, all three energy levels show similar trends from pass to pass. As might be 405 expected, the derived boundary locations do depend somewhat on the exact value of the 406 threshold flux that is used in the analysis (Table 1) Thomsen et al. [2012] suggest that outward displacements associated with the noon-to-438 midnight electric field may be greatly diminished inside of L~5, so that penetrations to 439 very low L values may not be much displaced during drift to the opposite local time 440 sector, potentially accounting for the two-peaked distribution seen in Figure 11 . 441
As seen in Figure 9 , there also appears to be a day/night difference in the 442 appearance of the hot-electron population, with the nightside population often more 443 robust than the dayside one. This is in agreement with previous analyses [e.g., DeJong et 444 for three different energy channels, with three different flux thresholds for each (Table 1) . 602
The flux thresholds are chosen to yield the same median values for all three channels. 
